A functional understanding of processes involved in adaptive divergence is one of the awaiting opportunities afforded by high-throughput transcriptomic technologies. Functional analysis of coexpressed genes has succeeded in the biomedical field in identifying key drivers of disease pathways. However, in ecology and evolutionary biology, functional interpretation of transcriptomic data is still limited. Here, we used Weighted Gene Co-Expression Network Analysis (WGCNA) to identify modules of coexpressed genes in muscle and brain tissue of a lake whitefish backcross progeny. Modules were connected to gradients of known adaptive traits involved in the ecological speciation process between benthic and limnetic ecotypes. Key drivers, that is, hub genes of functional modules related to reproduction, growth, and behavior were identified, and module preservation was assessed in natural populations. Using this approach, we identified modules of coexpressed genes involved in phenotypic divergence and their key drivers, and further identified a module part specifically rewired in the backcross progeny. Functional analysis of transcriptomic data can significantly contribute to the understanding of the mechanisms underlying ecological speciation. Our findings point to bone morphogenetic protein and calcium signaling as common pathways involved in coordinated evolution of trophic behavior, trophic morphology (gill rakers), and reproduction. Results also point to pathways implicating hemoglobins and constitutive stress response (HSP70) governing growth in lake whitefish.
Introduction
Understanding the mechanism of ecological speciation, that is, the process by which organisms evolve new adapted phenotypes under divergent natural selection and become reproductively isolated, has been central to evolutionary biology (Schluter 2000; Butlin et al. 2012; Nosil 2012) . Evolution of gene expression plays a key role in speciation (Wolf et al. 2010) . However, compared with progress in understanding genomic divergence (Feder et al. 2012; Via 2012) , its role has been given much less attention in recent literature (Pavey, Collin, et al. 2010) . As changes in gene expression may underlie many of the phenotypic differences between species (Brawand et al. 2011) , studying transcriptomic divergence of organisms in the early stages of speciation may shed light about the initial genetic targets of natural selection.
In North America, sympatric lake whitefish (Coregonus cupleaformis) populations have phenotypically diverged into a benthic (normal) and a limnetic (dwarf) ecotypes (Bernatchez et al. 1999) making it the most advanced case of divergence and reproductive isolation along the continuum of ecological speciation in freshwater fishes (Hendry 2009 ). In addition to their differential trophic specialization, normal and dwarf whitefish differ in life-history traits, morphology, behavior, and physiology (Rogers and Bernatchez 2007; .
Several microarray approaches have been used to explore differences in gene expression between these divergent ecotypes (Derome et al. 2006 St-Cyr et al. 2008; Whiteley et al. 2008; Nolte et al. 2009; Renaut et al. 2009 ). Despite the substantial findings of these studies (reviewed in Bernatchez et al. 2010) , the evolutionary consequences of specific gene-expression differences is difficult to interpret because some of them may evolve neutrally and therefore have little functional consequence (Khaitovich et al. 2004 ). However, a Weighted Gene Co-Expression Network Approach (WGCNA) has been proposed to compare expressed genes in terms of coexpression connectivity, to help identify key drivers of evolutionary changes (Oldham et al. 2006) . In previous studies, gene connectivity has been shown to be a measure of functional relevance, in yeast in particular (Carlson et al. 2006) . For instance, identifying coexpressed gene modules and the position of different genes in such networks, such as peripheral versus hub genes (i.e., the most highly connected genes) that are linked to variation in adaptive phenotypes could reveal important targets of evolution in fishes as well (Olson-Manning et al. 2012) . Divergence in connectivity between species may reflect not only change in gene expression but also other types of evolutionary change, including divergent splicing, mRNA stability, or protein-coding sequence (Oldham et al. 2006) .
The WGCNA approach provides a functional interpretation that is biologically significant (Miller et al. 2008 ) and performs well in constructing global network structures while being the most straightforward for exploring gene coexpression networks (Allen et al. 2012) . It has been successfully applied to identify functionally enriched modules implicated in complex diseases (Fuller et al. 2007; Miller et al. 2008; Plaisier et al. 2009; Kadarmideen et al. 2011; Rosen et al. 2011; Winden et al. 2011) . However, its application to nonmodel organisms has been limited thus far (but see Ficklin and Feltus 2011; Weston et al. 2008; Kumar et al. 2010 ). However, this approach offers tremendous opportunities for transcriptome-wide analysis of nonmodel organisms to better understand the process of ecological speciation, such as in lake whitefish. This analytical framework also bypasses the multiple testing problems when relating gene expression to phenotypic traits and does not require an a priori gene annotation (Langfelder and Horvath 2008) . The latter point is especially relevant because genes with unknown functions are plentiful in nonmodel organisms (Pavey et al. 2012) .
Regulatory networks can be genotype dependent (Plaisier et al. 2009; Langfelder et al. 2012) . Therefore, coexpression module conservation in multiple populations is indicative of the central functional importance of the module (Langfelder et al. , 2012 and of its potential relevance for explaining parallel phenotypic divergence. Modules defined in a segregating population of hybrid crosses are presumed to reflect biological networks present in the parental forms along with some hybrid-specific coexpression patterns (Landry et al. 2007) . Although this strategy cannot assess whether coexpression modules present in the pure populations were disrupted in the hybrid populations, modules in hybrids not preserved in parental populations would be indicative of such backcross novel (rewired) coexpression phenotype. By identifying misexpressed genes in hybrids in their functional context, this approach has the potential to overcome the problem that misexpressed genes might be downstream targets of genes that actually cause reproductive isolation (Butlin et al. 2012) .
The main objectives of this study were to identify modules of coexpressed genes associated with phenotypes known to be involved in the ecological speciation of dwarf and normal whitefish, and to identify their key drivers. Because highly correlated traits may share common genetic factors, a strategy summarizing multiple phenotypic measurements of complex traits such as principal component analysis (PCA) might yield more insight into its underlying regulatory mechanism (He et al. 2008) . Therefore, we used a segregating population of lake whitefish to generate principal component (PC) -based phenotypic gradients of 19 different phenotypic traits of known importance to whitefish divergence. Then we used WGCNA to define phenotype-correlated modules, and module preservation was measured in dwarf and normal ecotypes of different lakes. This approach provides a systems biology framework to evaluate the potential impact of evolutionary changes in a module, while simultaneously identifying candidate genes underlying known adaptive phenotypes. Moreover, we looked for evidence of backcross-specific rewiring to identify gene potentially implicated in intrinsic reproductive isolation. Finally, we tested the module preservation in a different species, sockeye salmon (Oncorhynchus nerka), to assess the phylogenetic conservation of our modules. The different network concepts and statistics used are presented in table 1.
Results

Phenotypic Gradients
The PCA on the 19 correlated phenotypic traits (listed in fig. 1 ) extracted three phenotypic gradients PC1, PC2, and PC3 representing 5%, 27%, and 15% of explained variance, respectively. Figure 1 shows that the PC1 was mainly explained by measurements linked to reproduction (gonad weight and sex-normalized gonadosomatic index). Although PC1 only explained 5% of the variation, it is still important to investigate what gene network may be involved in controlling the expression of sexual maturity, given the general lack of knowledge of such relationships in fishes and the importance of this trait in the parallel evolution of dwarf and normal whitefish species pairs. Figure 1 also shows that the PC2 was mainly explained by growth-related traits (weight and length, before and at maturity) and PC3 by behavioral traits (depth selection, burst swimming, and directional change). Also, the gill raker number was unexpectedly positively and negatively correlated to PC1 and PC3, respectively. Thus, to verify whether gender was a confounding factor, we looked separately at males and females. Gill raker correlation with PC1 was stronger in males (r = 0.66, P < 0.0001) than in females (r = 0.48, P = 0.007), so was the correlation with PC3 (males: r = À0.37, P < 0.02, females: r = À0.29, P = 0.12), but the directionality of the correlations was consistent, indicating that gender was not a confounding factor.
Network Construction
A total of 14 and 17 modules were defined in the brain and muscle networks (table 2) . Of all genes in the networks, 2,788 were assigned to a module in brain network and 3,520 in muscle. The remaining genes that did not fit elsewhere were assigned to the same "grey" module (see supplementary figs. S1 and S2, Supplementary Material online, for a global view of the networks). The module quality statistic, Zsummary.qual. (table 1), indicated that all brain and muscle modules were highly reproducible (Zsummary.qual ! 12).
Functional Enrichment Analysis of Coexpression Modules
Overall, 46% of unique probes of the microarray were annotated with gene ontology (GO) terms. The brain network was composed of 46%, whereas the muscle network comprised 55% annotated genes. In both networks, only modules with a minimum of 67% annotated genes had enrichment terms with false discovery rate (FDR) < 0.05. Most significant and largest significant GO annotations are reported for each module in table 2. To ease interpretation throughout the rest of the article, each module's color name is followed by the most significant GO term in parentheses. Complete functional enrichment analysis of each module (Fisher's exact test) is presented in supplementary file S1, Supplementary Material online. Overall, there was no significant difference in module membership (table 1) between annotated versus nonannotated genes (FDR-corrected Wilcoxon), meaning that nonannotated genes had the same opportunity to occupy hub positions as frequently has annotated genes.
Modules Correlated to PCs
Visual inspection of the gene dendrogram with module color and association with PCs ( fig. 2 ) revealed that genes whose expression was correlated with PCs tended to cluster together in the same branches of the tree, indicating that these genes follow a modular organization. Two quantitative measures were considered when screening for trait-related modules: the module significance (MS) (table 1) ( fig. 2 ) and the average gene significance (AGS) in the module (supplementary fig. S3 , Supplementary Material online). In terms of MS, PCs generally had higher values than individual traits (supplementary fig. S4 , Supplementary Material online). Two brain modules were associated with PC1 (reproduction), the cyan brain module (small molecule metabolic process) and the grey60 brain module (reproductive process). Also, the black brain module (intracellular organelle) was correlated with PC2 (growth). As for muscle, the greenyellow muscle (catalytic activity), yellow muscle (cytoplasmic part), and brown muscle (regulation of phosphorus metabolic process) modules correlated positively with PC1 (reproduction). The blue muscle (translation) and red muscle (mitochrondrial inner membrane) modules correlated negatively with PC1. Only the purple muscle module (hemoglobin complex) was marginally associated with PC2 (growth). Finally, PC3 (behavior) was associated with the pink muscle module (RNA binding).
Overlap between Brain and Muscle Modules
Out of the 3,600 considered for our analysis, only 1,864 genes intersected between both tissues, hence preservation analysis between tissues was limited to a contingency analysis. Supplementary figure S5 , Supplementary Material online, shows that only a few brain modules significantly intersect with muscle modules. However, it is noteworthy that part of the black brain (intracellular organelle) and yellow muscle (cytoplasmic part) modules overlap because both are correlated to PC2 (growth) and PC1 (reproduction). Grey60 brain module (reproductive process) also overlaps slightly with red muscle module (mitochrondrial inner membrane), and they are both negatively correlated to PC1.
Brain Module Preservation in Pure Ecotypes
The composite Zsummary and MedianRank statistics (table 1) were used to assess module preservation between three dwarf and three normal populations ( fig. 3a) . Because Zsummary is size dependent, the complementary MedianRank statistic is used to assess relative preservation of In a weighted network, the connectivity of a node is the sum of weights of all its edges. In the context of modules, connectivity can be approximated by the module membership (see later). Module membership (MM) (also known as K ME )
Correlation between the expression levels of a gene and the module eigengene. This continuous measure reflects the connectivity of a gene with other genes in the module and was used to define hubs. Zsummary A composite statistic based on a permutation test that takes into account the preservation of both connectivity and density in a module. Zsummary < 2 implies no evidence for module preservation, 2 < Zsummary < 10 weak to moderate evidence, and Zsummary > 10 strong evidence for module preservation ). This measure tends to increase with module size, therefore its interpretation is only suited for comparing preservation of a given module in different populations.
MedianRank
An alternative composite statistic based on the ranking of several connectivity and density criteria. This measure is used to compare preservation between modules in a given population.
Zsummary.qual
This value compares the density and connectivity of a module to a random module of a thousand genes. It is a measure of module quality, indicative of how well-defined modules are in the reference set.
modules ( fig. 3b ). On one hand, the backcross brain modules were moderately preserved in dwarf and normal populations, including their pure parental populations. The level of grey60 brain module (reproductive process) preservation varied across populations but consistently ranked among the first three most preserved modules. The black brain module (intracellular organelle) also ranked high, yet its Zsummary preservation levels varied between ecotypes. Relative to normal whitefish from the same environment, preservation was higher in dwarf in the controlled environment and from Indian Pond but higher in normal than in dwarf whitefish in Cliff Lake, representing a nonparallel pattern of preservation. The cyan brain module was only weakly preserved in half of the populations. When visually comparing the connectivity pattern of less preserved modules in the combined pure dwarf and normal populations with the pattern in the backcross individuals, the red brain module (intracellular nonmembrane-bounded organelle) stood out: A noticeable group of genes was highly coexpressed in backcrosses but not in pure ecotypes ( fig. 4 ).
Muscle Module Preservation in Sockeye Salmon
About half of the modules showed low to moderate preservation in muscle tissue of sockeye salmon populations (supplementary fig. S6 , Supplementary Material online). Preservation varied between populations, but phenotype-correlated modules defined in whitefish were also generally more preserved in sockeye salmon than other modules. Moreover, yellow muscle (cytoplasmic part) and red muscle (mitochrondrial inner membrane) modules that overlapped with preserved phenotype-correlated modules in brain in whitefish were also moderately preserved in at least one salmon population. Muscle-specific modules, such as the pink muscle (RNA binding), blue muscle (translation), and purple muscle (hemoglobin complex) also showed moderate evidence of preservation in at least one salmon population. In fact, the purple muscle was overall the most preserved module, and length measurement available for 27 of these salmon samples was positively correlated with purple muscle module eigengene (MS = 0.43, P = 0.025), a result that is concordant with the marginal MS of the purple muscle module for the growth gradient (PC2) in whitefish.
Candidate Genes Associated with Phenotypic Divergence
Several lines of evidence pointed toward regulatory genes as candidate for explaining complex traits divergence, as they were hub genes of modules of particular interest. First, the grey60 brain module (reproductive process) was correlated negatively with reproduction (PC1), meaning that this module was expressed at higher levels in mature individuals, which corresponds to the dwarf phenotype at this age. This module also had 11 genes intersecting with the red muscle module (mitochrondrial inner membrane) whose correlation with PC1 was also negative. The consensus hub of this subset is the fk506 binding protein 1a (expressed sequence tag [EST] accession: CB497859) gene, which is a ubiquitous abundant protein that is involved in many functions (supplementary fig.  S7 , Supplementary Material online). It regulates cell cycle by down-regulation of TGF-beta receptor signaling and binds tightly to intracellular calcium release channels (Aghdasi et al. 2001) . It has also been implicated in osteogenic differentiation by interacting with the immunosuppressant drug FK506 via activation of bone morphogenetic protein (BMP) receptors (Kugimiya et al. 2005) . The six annotated genes in this 11 gene subset were involved in developmental process (GO:0032502, P = 8.1E-4), and two were involved in cell recognition (GO:0008037, P = 1.3E-4) and single fertilization (GO:0007338, P = 1.9E-4), which is in line with the functional Lake Whitefish Coexpression Networks . doi:10.1093/molbev/mst053 MBE enrichment in reproductive process of the grey60 brain module (table 2) .
Second, 32 genes in the preserved black brain module (intracellular organelle) overlapped with the yellow muscle module (cytoplasmic part) and correlated negatively with growth (PC2) in both tissue meaning that these genes are expressed at higher levels in smaller fish (supplementary fig. S7, Supplementary Material online) . Overall, this subset of genes is involved in interspecies interactions between organisms (GO:0044419, P = 2.0E-3) and cellular metabolic process (GO:0044237, P = 2.1E-2), mostly cellular protein metabolism process (GO:0044267, P = 1.4E-2). The heat shock cognate 70 gene (hsp70, EST accession: CB498852) was the subset hub in both brain and muscle.
Third, the pink muscle module (RNA binding) was the only significant module for behavior (PC3) in both brain and muscle networks. Individuals with higher expression levels of this module were characterized by typical dwarf whitefish behaviors, exhibiting frequent burst swimming and preference for a high position in the water column (Rogers et al. 2002) . The hub gene of the pink muscle module was annotated as the zinc finger protein 22 (znf22, EST accession: CA061373) ( fig. 5 ), a transcription factor notably expressed during craniofacial development and implicated in tooth formation (Gao et al. 2003) . Two other genes involved in craniofacial development were present in this module, namely genes encoding calmodulin (calm, two different transcripts, EST accession: CB501671 and CK990427) and BMP4 (bmp4, EST accession: CA056395). The pink muscle module comprised a total of 10 genes involved in organ development (GO:0048513) and 11 genes involved in response to stimulus (GO:0050896). One of these was the dynein light chain roadblock-type 2 gene (dlrb2, EST accession: CB500003), which was annotated with visual behavior.
Discussion
Gene regulatory networks provide a systematic understanding of molecular mechanisms underlying biological processes (Ihmels et al. 2002; Stuart et al. 2003) . Moreover, understanding individual gene's properties within the network may be as important as understanding its function in isolation (Barabási and Oltvai 2004) . As knowledge of gene function is largely based on biomedical research of the few traditional model organisms (Pavey et al. 2012) , defining gene regulatory networks of emerging ecological models is a promising avenue for determining the ecological function of genes. In particular, analysis of the regulation of sets of genes comprising functional networks is crucial to decipher the genomic basis of ecological speciation (Prud'homme et al. 2007 ). Here, we defined gradients of phenotypic variation encompassing reproductive, growth, morphological, and behavioral traits that diverged between dwarf and normal whitefish during the process of ecological speciation (Rogers and Bernatchez 2007) . We further identified modules of coexpressed genes related to these phenotypic gradients and their key drivers, revealing potential primary targets of natural selection. Additionally, we tested the module preservation in parental and natural populations as well as in a different species, sockeye salmon (Oncorhynchus nerka), a first step toward untapping the phenotype-genotype map of nonmodel organisms. Later, we discuss how the functional analysis of transcriptomic data using a weighted gene coexpression network approach contributes to the understanding of mechanisms underlying ecological speciation in lake whitefish.
The Gill Raker Puzzle
Multivariate analysis of phenotypic traits revealed a high degree of concordance between single traits pertaining to sexual maturation, growth, and behavior, as they formed distinct gradients. The fact that these gradients were mostly independent suggests that traits composing each gradient may share some common genetic factors, whereas gradients remain largely independent. Thus, the phenotype-correlated modules identified here may represent set of genes that have coevolved in controlling the expression of phenotypic traits involved in the adaptive divergence of sympatric benthic and limnetic whitefish. However, the gill raker number followed an unexpected pattern. Gill rakers have been shown to be one of the most important traits under selective adaptive divergence in lake whitefish, as dwarf ecotypes have more gill rakers, which is associated with smaller prey selection (Rogers and Bernatchez 2007) . Two modules following this trait were of particular interest. Specifically, backcross individuals at the higher end of the pink muscle (RNA binding) gene expression spectra were associated with a swimming behavior closer to the dwarf phenotype but a number of gill raker closer to the normal phenotype, contrary to expectation. Similarly, the expression of the grey60 brain module (reproductive process) was associated with an earlier sexual maturation as seen in dwarfs and again with lower gill raker number. Gill raker and behavior traits have been mapped to a common linkage group in females of a hybrid x normal family of backcross but not in males (Rogers and Bernatchez 2007) . Thus, the pink muscle and the grey60 brain modules each represent candidate coadapted modules that could affect the development of gill rakers with pleiotropic effects, and our results suggest that this coadaptation would have been disrupted in this backcross family. The recombination of gill raker and behavior or maturity traits could represent extrinsic postzygotic reproductive barriers in specific environmental contexts under the hypothesis that the breakdown of these coadapted traits decreases fitness. Pink muscle and grey60 brain gene annotation confirm the presence of genes playing a role in reproduction and behavior, respectively. Strikingly, both subsets of candidate genes implicated the BMP pathway and calcium signaling. In fact, the pink muscle module included particularly interesting genes, namely bmp4 and calmodulin (Pavey, Collin, et al. 2010) , whose expression during embryonic development have been implicated in Darwin's finches beak width and depth as well as in cichlid jaw morphogenesis (Parsons and Albertson 2009) . Interestingly, gill arches are the structures from which jaws most likely evolved in the first place (Kimmel et al. 2001) .
Behavior is thought to be the first trait to respond to selection in divergence toward limnetic habitats with respect to new resource utilization, followed by a divergence in prey size and type (Schluter 2000) . Here, the fact that genes involved in trophic morphology (gill raker) are coexpressed in a module correlated with behavior responsible for habitat specialization (depth selection) brings an alternative hypothesis to the sequential events previously proposed (Schluter 2000; Rogers and Bernatchez 2007) as it suggests a partially common regulation mechanism coordinating behavior and morphology. The pink muscle module hub, the zinc finger protein 22, is a good candidate for this potential mechanism, because of its function in transcription regulation and bone structure development (Gao et al. 2003 ). This gene is expressed during craniofacial development, but also in adult muscle where its role is still unknown. bmp4 has previously been implicated in larval swimming behavior in the cavefish Astyanax mexicanus (Pottin et al. 2010 ). Calmodulin-dependant signaling is also critical for synaptic function, hence its role in behavior phenotype (Wei et al. 2011) . Calmodulin and bmp4 are members of signaling pathways that may interact with each other (Parsons and Albertson 2009 ), yet they do not regulate each other's expression in chicken embryonic beak (Mallarino et al. 2011) . Clearly, our results support the relevance of performing further detailed experiments including multiple life stages toward elucidating the role of these genes in the complex mechanisms governing the associations between coadapted swimming behavior and gill rakers.
A Role for Gene Expression Networks in Adaptive Divergence
The implication of the gene balance hypothesis for quantitative traits is that selection will occur by accumulation of subtle changes in many genes, because high variation in regulatory gene expression is selected against (Birchler and Veitia 2010) . Here, PCs can be considered as quantitative traits that evolved under divergent selection in the process of whitefish ecological speciation (Bernatchez 2004) . Following the gene balance hypothesis, it is expected that gene significance (GS, table 1) will be low to moderate for many genes if mutations of strong effect are selected against. Hence, applying a multiple testing threshold such as Bonferroni correction and even FDR would likely exclude many true positives. In our interpretation, we used both the AGS and the GS and analyzed multiple data sets to reinforce the biological significance of our results instead of applying a false discovery rate to account for multiple testing. It has been reported in the literature that biological signal can sometime be masked by too stringent threshold (Williams and Haines 2011). Nevertheless, when analyzed as coexpression network, such moderately 1392 Filteau et al. . doi:10.1093/molbev/mst053 MBE significant genes may be organized in a relatively small number of modules, making the modules biologically relevant. Indeed, it is expected that methods taking into account the relationship between genes would be superior to methods that assume independence among genes outside of their functional contexts (Minguez and Dopazo 2011) . A good example here is the fact that the purple muscle module (highly enriched for hemoglobin complex) is preserved in salmon populations and significantly correlated to a measure related to growth, whereas its uncorrected P value in the backcross was only 0.06. However, its AGS was clearly higher than for the other modules to PC2, meaning that genes correlated to growth were concentrated in this module. We feel that testing for the preservation of modules in a completely different data set and species is a better demonstration of the generality of our findings than applying multiple testing corrections and represents a good balance between type I and type II errors. However, because other module-trait associations were not validated, they should be treated as suggestive.
The importance of the purple muscle module was further supported by the highly significant GO enrichment for hemoglobin complex. A role for regulatory genes is suggested as this module also comprised a homolog of the krueppel-like factor 11, which is a transcription factor of the globins gene promoter and repressor of promoters containing SP1-like binding sites inhibiting cell growth (Asano et al. 1999) . Hemoglobin gene upregulation has been reported in brain tissue of dwarf lake whitefish ; however, the expression of the purple muscle module was associated with larger (normal like) individuals in this study. Despite this discrepancy, this result supports the conclusion that metabolic traits involved in oxygen transport differ between ecotypes .
The black brain module (intracellular organelle) is an example of module rewiring between ecotypes. The conserved HSP70 gene family is known to respond to environmental stresses such as heat shock, UV, infection, and chemical exposure, which affect growth and physiological conditions in aquatic environments (Yamashita 2010) . Also, transcripts of this gene family are differentially expressed between ecotypes and highly transgressive in hybrid embryos Renaut et al. 2009 ). The black brain module is negatively correlated with growth rate and size, which indicates that fish with a greater response to stress would be closer to the dwarf ecotype in size and metabolism. This is in line with the stress associated with occupying the limnetic niche, where active swimming necessary for increased foraging and predator avoidance engages high energetic costs that translate into reduced energetic conversion efficiency, slower growth rate, and overexpression of survival functions in dwarf lake whitefish (Trudel et al. 2001 ).
Insights into the Genomic Basis of Adaptive Divergence and Reproductive Isolation Langfelder et al. (2012) found that module preservation varied markedly among mouse crosses underlying the importance of genotypic variation among populations for gene coexpression. Differences in regulatory networks may also exist between different environmental (growth) conditions (Zhu et al. 2012 ) and a combined impact of these two factors cannot be ruled out. Here, preservation of the purple brain (hemoglobin complex) and the black brain (intracellular organelle) modules defined in whitefish backcross varied between populations reared in a controlled environment and also in natural lakes, evidencing genotype-specific modules. In contrast, preservation of the tan brain (structural molecule activity), blue brain (regulation of developmental process), and grey60 brain (reproductive process) modules varied across environments but not between ecotypes in the same environment, even for the parental lines originating from different glacial races (Rogers and Bernatchez 2007) . This pattern therefore suggests the predominance of environmental effects on the coexpression of these modules. Finally, the brown brain module (amine metabolic process) exemplifies an interaction of genotype-environment effect as it is equally preserved between ecotypes in a controlled environment but differentially preserved between ecotypes in natural lakes. Taken together, these results underline the importance of understanding gene expression variation from a network perspective to gain insight into the respective role of adaptation and plasticity, which very few study have investigated so far (Weston et al. 2008) .
Brain modules that were not well preserved in parental populations could represent rewired coexpression patterns in hybrids. For instance, the red brain module (intracellular nonmembrane-bounded organelle) showed a clear pattern of rewired coexpressed genes in the backcross family ( fig. 4) , as part of the module was clearly preserved in all dwarf and normal populations, whereas the rest was only coexpressed in H1D individuals. This result adds to the previous report of hybrid misexpression in lake whitefish embryos and juveniles ) and may represent the effects of intrinsic reproductive isolating barriers.
Limitations of This Study
Several limitations impede further detailed interpretation of the results. First, many of the genes in our networks have no informative annotation. We have now placed many of these in coexpression modules, some of which are correlated with important life-history traits. We hope this will start a process of "ecological association" of these genes, which may be a first step to further study and eventually determine their function (Pavey et al. 2012) . Second, networks (and their association with phenotypes) were constructed using both genders because of sample size constraints; hence, potential genderspecific modules would not have been detected. Similarly, this common garden gene expression experiment with the backcross family is removed from natural environment variation, which could have veiled heritable coexpression patterns that require particular environmental cues to manifest. Third, as muscle modules could not be compared with parental populations, preservation and potential rewiring of these modules remain to be tested. This is especially important given that little is known about the extent to which the genetic architecture generated in this backcross family reflects the variation present in natural populations (Rogers and Bernatchez 2007) . However, the modules showing evidence of preservation in sockeye salmon population makes it reasonable to assume that these would likely be preserved in whitefish parental ecotypes. Fourth, despite the fact that great care was taken to consistently sample in the same anatomical location in the case of muscle and always sampled entire brains, organs can have different cell type compositions and distributions, and there is potential for this to affect microarray results. Thus, increased gene expression in a sampled tissue could be the result of very different biological processes: increased expression in all cell types sampled, changing composition to different cell types or subtypes that tend to expresses certain genes more, or a combination or the two. Finally, only healthy backcross adults could be included in this study preventing interpretation about the significance of the rewired patterns observed on hybrid fitness (Renaut and Bernatchez 2011) . Thus, future work should include coexpression network analysis of multiple families at early life stages and include both healthy and moribund (sensu Renaut and Bernatchez 2011) to address these questions.
Materials and Methods
Whitefish Data Description
We leveraged a previously studied cross of lake whitefish between a normal x dwarf hybrid female and a dwarf male (referred to as the H1D backcross) for which phenotypic data as well as muscle (N = 76) and brain (N = 55) microarray data sets (GSE11378 and GSE12068) were available (Rogers and Bernatchez 2007; Derome et al. 2008; Whiteley et al. 2008 ) (see supplementary fig. S8 , Supplementary Material online, for data overview). The H1D family was reared in a controlled environment (Laboratoire de Recherche en Sciences Aquatiques [LARSA] ). All transcriptomic profiles were obtained using the consortium for Genomic Research on All Salmon Project (cGRASP) 16,006 probes microarray developed from cDNAs of Atlantic salmon and rainbow trout allowing direct comparisons (von Schalburg et al. 2005) . Additionally, brain tissue of individuals from the two pure populations (dwarf: Témiscouata L., normal: Aylmer L., N = 8 each) used to make the above hybrid crosses and raised at LARSA and new samples from wild populations from two lakes (Cliff L. and Indian Pond) (doi: 10.5061/ dryad.k8760) (N = 8 for dwarf and normal whitefish in each lake) were used to compare module preservation among ecotypes. Brain tissue sampling and microarrays were performed as described previously Whiteley et al. 2008) . To test the taxonomic generality of the modules, we included unpublished muscle transcriptomic data from three populations of another salmonid, sockeye salmon (Oncorhynchus nerka, N = 15, 27, and 7) to assess interspecific muscle module reproducibility (GSE42985).
Spawning female sockeye salmon muscle was sampled in August 2006 and 2007 from the outlet and beach habitats of Surprise Lake, Aniakchak National Monument and Preserve, AK (Pavey et al. 2007 , Pavey, Nielsen, et al. 2010 ). Methods for RNA isolation, cDNA labeling, hybridization, scanning, and quantification were identical to Pavey et al. (2011) .
Whitefish Phenotypic Gradients
Phenotypic traits including life history (weight, length, condition factor, and growth rate), swimming behavior (burst swimming, directional change, depth selection, and activity level), morphology (gill raker number), and sexual maturity (gonad weight, gonadosomatic index, and maturity index) have been previously characterized for the H1D progeny (Rogers and Bernatchez 2007) . PCA performed in PC-ORD 5.10 was used to summarize the information contained in 19 phenotypic measurements using 70 individuals (supplementary fig. S9, Supplementary Material online) . The first PC was rotated to maximize the correlation with gender to isolate sex-biased traits. For ease of interpretation, the second PC was then rotated to maximize correlation with average growth rate. PCs retained good orthogonality (>83%) after rotation. Rotated scores of the three first PCs were used as PCs (table 1) .
Microarray Data Processing
Starting from raw intensities, a threshold of expression was calculated for all the samples and fixed at two standard deviations above background mean, estimated from the expression level of blank spots on the array. Spots whose expression level was below the calculated thresholds in more than 50% of the samples were excluded for the purpose of building networks, as their expression level was close to detection limit. This criterion resulted in retaining 8,894 and 5,703 of the 16,006 probes present on the array for brain and muscle tissues, respectively, in the H1D backcross individuals. Normalization was performed using the Limma R package BetweenArrayNormalization function with the Quantile method (Smyth 2005) .
Weighted Gene Coexpression Network Analysis
The R package WGNCA was used for network constructions (Langfelder and Horvath 2008) . For nodes in the network to correspond to genes, redundant or highly similar probes (that formed contigs using >99% similarity over >70% of sequence length as assembly parameters in CLC Genomics Workbench 4.9) were collapsed using the collapseRow function in WGCNA (Miller et al. 2011 ) yielding 8,103 and 5,177 genes for brain and muscle backcross tissues, respectively. Because the module identification is computationally intensive, the top 3,600 most connected genes were used for constructing each network and for subsequent comparison with other data sets. This criterion retains the core of the modules, whereas genes that are only loosely attached to the network are excluded. Preliminary clustering of the gene expression profiles (supplementary fig. S9 , Supplementary Material online) did not segregate males and females allowing a mixed gender network construction.
The various statistics computed by WGCNA and used in this study are defined in table 1. Briefly, WGCNA constructs networks using the absolute value of the Pearson's correlation coefficient as the gene coexpression measure, which is raised to a power to create the adjacency matrix (supplementary fig.  S10 , Supplementary Material online). The topological overlap distance calculated from the adjacency matrix is then clustered with the average linkage hierarchical clustering. Our modules were defined using the cutTreeStatic function with a minimum module size of 25 genes and a cut height of 0.975 and 0.965 for muscle and brain network, respectively. A module eigengene distance threshold of 0.25 was also used to merge highly similar modules. These parameters allowed for detection of a minimum number of large modules while visually respecting the pattern of correlation with the phenotypic gradients. Module preservation statistics were computed using the modulePreservation function (500 permutations) implemented in WGCNA . Network module preservation statistics quantify how density and connectivity patterns of modules defined in a reference data set are preserved in a test data set without the need to define modules in the test data set. This strategy was applied to measure backcross module preservation (as reference data set) in pure dwarf and normal populations (test data sets) for brain tissue and in sockeye salmon populations for muscle tissue.
Gene Enrichment Analysis
We reannotated the cGRASP probes using Blast2GO software (Conesa et al. 2005) , and probe sequences were blasted with e-value threshold of 10e-3 against the Swissprot database, then the nr database for the remaining unannotated genes. Fisher's exact test was performed for each module using the tissue-specific network as background with a P value threshold of 0.05.
Supplementary Material
Supplementary figures S1-S10 and files S1 and S2 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
